mation on the SST, SSS, and roughness. However, it has been shown that by adding an active scatterometer, more information on the surface roughness is provided, which will significantly improve the accuracy of the retrieved SSS [1] . Over land, it has been demonstrated that the radiometer and the scatterometer both provide information for estimating soil moisture and vegetation biomass [2] .
To investigate the benefits of combining passive and active microwave sensors, the Jet Propulsion Laboratory (JPL), with NASA support, has designed, built, and tested a new precision passive/active L/S-band (PALS) microwave aircraft instrument for measurements of ocean salinity and soil moisture. Because the L-band brightness temperature variations associated with salinity changes are small, it was necessary to build a very accurate, sensitive, and stable system. (At a SST of 28 C a salinity change of 0.2 psu results in a brightness temperature change of 0.15 K, and at 10 C only 0.08 K.) After a series of simulations of radiometer and radar measurements [3] , the instrument requirements were determined to allow salinity measurements to be made with an accuracy of 0.2 psu over the open ocean. This new instrument has dual-frequency (L-and S-band), dual polarization radiometer and polarimetric radar sensors and was installed in the National Center for Atmospheric Research (NCAR) C-130 aircraft. The antenna is a high beam efficiency conical horn with relatively low sidelobes pointed at a 38 incidence angle to the ocean surface. An IR temperature sensor was used to measure the changes in the sea surface temperature. To achieve maximum radiometer stability a three position Dicke switching scheme was used with a noise diode calibration. The radar electronics calibration was achieved using an internal calibration loop.
II. SYSTEM DESCRIPTION
An overall block diagram of the PALS instrument is shown in Fig. 1 , and the key system characteristics are summarized in Table I . The design challenges in this system were getting a high beam efficiency low-frequency antenna system with a small footprint, and in developing a stable, well-calibrated aircraft radiometer and radar system. Details on each of the subsystems are presented below.
A. Antenna
A number of antenna designs were considered forthis precision L/S-band instrument. The basic requirements were to achieve 0196-2892/01$10.00 ©2001 IEEE TABLE I  PALS SYSTEM CHARACTERISTICS low loss, beam efficiencies 90% sidelobes 20 dB, and cross polarization isolation 20 dB. Additionally, the antenna was to be low cost and built in a short time. It was concluded that with these constraints, the best choice for the antenna to meet these requirements was the conical horn. (It should be noted that at L-band, an offset parabolic reflector antenna with a 1-m diameter would have a feed horn nearly as large as the conical horn used, and would be more difficult to accommodate on the aircraft.) The two conical antenna horns were made with 0.125-in thick rolled sheet aluminum, with the conical sections riveted together. The L-band antenna has an output diameter of 1.0 m and a length of 2.7 m. The S-band antenna has an output diameter of 0.5 m and a length of 1.7 m.
A waveguide to coax orthomode transducer (OMT) is attached to the end of the horn to separate the Vertical (V) and Horizontal (H) polarizations. The calculated and measured antenna patterns of the S-band horn are shown in Fig. 2 . This data shows the good agreement between the calculated and measured antenna patterns. (The difference between the measured and calculated cross-polarized patterns at 0 is probably due to a small misalignment in the antenna range mounting fixture.) These characteristics of the S-band antenna are summarized in Table II . The L-band antenna pattern was not measured because of time and budget restrictions. However, because the L-band antenna was a scaled copy of the S-band antenna, the calculated parameters for the L-band antenna horn were judged to be adequate for the system calibrations in this paper. It is planned to measure the L-band antenna pattern in the near future, so a more accurate data analysis can be made.
At each frequency, the conical horn antenna is time shared between the radiometer and radar. The system is switched to the radar scatterometer 17% of the time. The system is also switched between the two polarizations so that only one set of radar and radiometer electronics was required for each frequency band. This feature also improved the relative calibration accuracy between the two polarizations; however, it reduced the data integration time, which was not a problem in this slow moving, single beam aircraft system.
The two antenna horns were mounted in an aluminum frame and installed on the back ramp of the C-130 aircraft. During the flights, the ramp of the C-130 aircraft was lowered and the frame assembly was raised to the position where the antennas were pointing down to the 38 incidence angle. A photograph of the raised antenna assembly is shown in Fig. 3 . (The antenna angle with respect to the C-130 ramp vertical angle was 40 . With the nominal aircraft pitch angle of 2 during the flights, this 
B. Radiometer
In the design of the precision radiometer, it was decided to use a noise diode injection scheme, along with a three sequence Dicke switching cycle as described in Section III. All components following the antennas are mounted in temperature controlled boxes which were stable to 0.1 C. In the block diagram shown in Fig. 4 , the noise diode calibration signal is injected into the radiometer immediately following the OMT to calibrate gain variations in all the following stages.
In this design, there are two PIN diode switches to switch between antenna polarizations and the radar. The 3-pole polarization switch is also used as the Dicke switch to switch to the internal reference load. A 75 MHz bandpass filter is used for radio frequency interference (RFI) rejection in the input to the low noise amplifier (LNA) at both L-band and S-band.
The front end radiometer signals are sent via coax cable to the radiometer back end located in the PALS control rack in the forward part of the aircraft. Here the signal is put through another bandpass filter, amplified and then mixed down to a 200 MHz center intermediate frequency (IF) . The main reason for this frequency conversion was to allow tuning the radiometer over the front end bandwidth with a narrowband IF to avoid RFI during the measurements. During the measurements, both in Oklahoma and Virginia, it was found that a 20-MHz bandwidth IF filter was usually adequate for the L-band radiometer to avoid the RFI. However, it was necessary to use a 5-MHz bandpass IF filter in the 2.7-GHz S-band, to get an acceptable signal. Even then, there were times that the RFI contaminated the S-band data because it was broadband interference.
Following the IF amplifier, the signal was square-law detected using a tunnel diode detector and the detected output sent to the analog integrator circuit. After the 350 s integration time, the analog signal was converted to a digital signal for the radiometer computer with a 12-bit A/D converter. One design note to mention is that was necessary to use a Teflon capacitor in the integrator circuit, to reduce the effect of dielectric absorption, because the integrator dump time is only 50 s. Because of the relatively slow velocity of the C-130 aircraft of 0.07 km/s (140 kn), the effective radiometer integration time is 4 s for each polarization for each footprint.
C. Radar
The dual frequency radar system is a pulse radar system with a 2.86 kHz pulse repetition frequency (PRF) and an output power of 5 W. The radar block diagram is shown in Fig. 4 . During the radar operation, a 27 s pulse is transmitted in Vertical (V) polarization, and then the front end switches are set to receive the return V pulse. For the next pulse, 350 s later, a Horizontally (H) polarized pulse is transmitted and then received. The third pulse transmitted is in V, and then the cross polarized H pulse, is received. For the next series of three pulses, the frequency is changed by 2 MHz to get an independent sample, and the cycle is repeated. There is a series of 10 "frequency hops" over a 20-MHz bandwidth, in a complete cycle, before it repeats. This separates the same polarization and frequency radar pulses by 10 ms, or by a distance of 0.7 m, which is more than one half the antenna aperture, to insure that the radar samples are independent.
The radar front end is located near the antenna horns to keep the input losses down. A preselection filter is used before the LNA to reduce the RFI. The amplified received signal is sent 
D. Control and Data
The control and data system for PALS uses three Pentium II based personal computers, networked together, as shown in Fig. 5 . The timing and radar control software was written in the Microsoft Visual C++ language operating with the Windows 95 Rev 2 operating system. The radiometer control software was written in Microsoft Visual Basic 5.0, also operating with Windows 95 Rev 2.
The timing computer is used to generate all the system timing signals, using a high-speed digital interface card. This provides all the signals for the radar and the radiometer to switch between the different operating modes and for the data conversion and collection. The advantage of this approach is that it is relatively straightforward to program the timing signals, and it was fast to change signals as the system design evolved.
The radar computer controls the IF attenuator and processes and records the radar data. The radar data, which includes the I, , Q, and , and mutual correlations, are averaged into 0.5-s intervals and written to the hard disk. The radar computer also takes input commands from the operator and provides a real time data display. The radiometer computer controls the LO frequency, reads in the radiometer data, averages it into 0.5-s samples, writes it to its hard disk, and provides a real time data display. The radiometer computer also records the physical temperatures of the horns and electronics every minute. Following each data flight, all the data is backed up on both floppy disks and a CD-ROM. The aircraft engineering data, which includes the aircraft location, altitude, attitude, heading, and IR temperature sensor, was transmitted to both the radiometer and radar computers at 1-s intervals by the NCAR C-130 data system. This data was incorporated directly in the radiometer and radar data files.
III. CALIBRATION

A. Radiometer
The PALS radiometers are calibrated with a noise diode source that is injected following the antenna horn and OMT. A three-sequence switching cycle is used for the observations to achieve maximum stability. In this scheme, the radiometer is alternately switched between the antenna, the antenna plus noise, and the reference load. The Dicke switching rate was 80 Hz, to effectively eliminate any system gain variations.
The radiometer antenna temperatures are calculated using the following equation: (1) where temperature of the antenna input loss ; antenna horn, OMT, and input cable loss; temperature of the reference load; effective temperature of the noise diode source; output voltage when switched to the reference load; output voltage when switched to the antenna; output voltage when switched to the antenna with the noise source on.
As seen from (1), the advantage of this three position Dicke switching scheme, is that the measured antenna temperature depends on very stable quantities. However, it should be noted that (1) contains the input loss term , which is difficult to measure. (It was assumed that most of this loss was in the horn throat, the OMT and the input cable to the noise diode coupler. The temperature of this loss was assumed to be the average of the horn throat, OMT and baseplate temperatures.) The approach that was taken with the PALS radiometer was to make observations of a known source, which we could accurately predict the antenna temperature, and then calculate the value of to match the measured and predicted temperatures.
On July 11, the absolute calibration of the radiometers was made by measuring the antenna temperatures while flying at 300-m altitude over a fresh water lake in Oklahoma with a nominal incidence angle of 38 . The incidence angle of the measured antenna temperatures was corrected for the roll and pitch of the aircraft with an accuracy of 0.1 every second. The corrected antenna temperatures were then compared to the calculated temperatures from a model using the dielectric constant of fresh and sea water given by Klein and Swift [4] . The temperature of the lake was measured from the aircraft using an IR sensor to be 28 C, and the wind speed was estimated from visual observations to be 3-5 m/s. These parameters were included in the model and the predicted antenna temperatures were calculated to be K and K for L-band and S-band. A wind velocity sensitivity of 0.3 K per m/s was used based on Hollinger [5] and Swift [6] measurements and our ocean measurements over buoys. Note that these values include the reflected atmospheric and cosmic background emission ( 3.4 K at V and 4.2 K at H) and the in-situ atmospheric emission of 0.5 K. Following the flight on July 11, the noise diode source was calibrated using ambient and liquid nitrogen cooled coax loads connected to the radiometer inputs at the OMT/antenna horn. From these data, it was possible to calculate the input loss values for for both frequencies and polarizations. These values were L-band: dB , dB , S-band: dB , and dB . On other measurement days in Oklahoma, these loss values were used, and the temperature of the noise diode was adjusted to bring the measured lake brightness temperatures into agreement with the model calculations. Only small changes in were necessary from day to day, which were due to changes in the front end cables from system troubleshooting. Absolute calibrations using models may have absolute errors of 1-2 K; however, the relative day to day errors should be 1 K.
During the Atlantic Ocean measurements on July 17-19, passes were made over the NDBC Buoy 41 001 in a star pattern at an altitude of 1250 m. The passes, which did not have apparent sun glint, were chosen for the calibration runs. For this case, the model was run with an SSS psu, using the temperature of 28 C, and a wind speed of 5 m/s. (The temperature and wind speed were taken from the buoy data, which were constant over the measurement time, and the value of 36 psu was used based on data from the Cape Hatteras ship.) The predicted temperatures for an incidence angle of 38 were:
K, K for L-band, and K, K for S-band. (Note that these values also include the reflected atmospheric and cosmic background emission and the in-situ atmospheric emission for a total of 5 K.) Using the July 11 loss values, the noise diode value was calculated to match the predicted ocean temperatures. During all the July Ocean measurements, the noise source temperature was set to this value. Based on this calibration procedure, it is estimated that the absolute calibration of the radiometers for this set of measurements was within 2 K.
B. Radar
The radar signal is calibrated by measuring a small fraction of the transmitted power 90 dB , and receiver gain through the calibration loop and receiver, and then using the measured system losses, antenna gain, and target range to calculate the radar target cross section, . During the normal data taking, the received signal is measured with the range gate adjusted to receive the return pulse and the IF attenuator set to the data value. During the short calibration cycle, every 10 s, the signal is measured during the transmit time with the IF attenuator set to a higher calibration value. Following this measurement, the transmitter is turned off and the system noise signal is measured with the IF attenuator set at the calibration value and then the data value.
In terms of the absolute value, the measured antenna gain and the receive and transmit losses, were used for the radar calibration, and it is estimated that the values of have errors 2 dB. With the calibration loop, the radar calibration depends on stable quantities, and the relative measurements over periods of a few hours are expected to be within 0.1 dB.
IV. TEST FLIGHTS
Under an agreement with the National Science Foundation, the PALS instrument was installed on the NCAR C-130 aircraft in May/June 1999. Because of the large size of the antenna horns, this was the most practical aircraft for the PALS instrument. The instrument was mounted with the antenna assembly installed on the rear ramp of the aircraft, which was closed during takeoff and landing. When up to the cruising altitude of 1.3 km (3900 ft), the ramp was lowered, and the antenna assembly was raised to have the antennas pointing down at a 38 incidence angle. In July 1999, the PALS instrument was used for two missions -soil moisture and ocean salinity.
A. Soil Moisture
The first mission was making measurements of soil moisture in the Little Washita Watershed near Oklahoma City from July 8 to 14. This was in support of the Southern Great Plains 1999 experiment (SGP99). Six flights were made during this period. It rained on July 10th, so it was possible to get dry data on July 8 and 9, and then monitor the drying out from July 11 through July 14. Samples of the L-band radiometer and radar data from July 9 and July 11, on line 9E are shown in Fig. 6 . (The S-band data has a similar shape with slightly less polarization difference.) The surface IR temperature was 31.8 C 1 C on July 9, and 23.0 1.5 C on July 11 over this line.
The western part of this line had less vegetation and received greater precipitation, which accounts for the larger brightness temperature variations of 40-50 K before and after the rainstorm. This also explains the larger radar backscatter difference of 2-5 dB on the wetter July 11. The changes in the radar backscatter are much larger than the changes in the brightness temperature, which is consistent to the greater radar sensitivity to surface roughness and vegetation. This set of soil moisture data has been analyzed, and a paper has been presented [7] .
B. Ocean Salinity
Three flights were made for ocean salinity measurements. These were on July 17-19, 1999, southeast of Norfolk VA, over the Gulf Stream, and out into the open ocean. The surface truth measurements of SSS, SST, and surface winds were gathered by Stephan Howden from the Goddard Space Flight Center (GSFC) on the Cape Hatteras ship from Duke University. The L-band radiometer and radar data from flights on July 18 over the Gulf Stream along with the ship data are shown in Fig. 7 . These data show that the L-band brightness temperature decreased about 3 K in both polarizations when crossing the Gulf Stream. Along this line, the ship data shows an increase of 5 psu in the ocean salinity. The aircraft line and the ship line were separated by 20 km, which may account for the slight differences in the alignment of the salinity and brightness temperature gradients. The change in the S-band brightness temperature was 1 K, which indicates a decrease in SSS sensitivity at the higher frequency. Note that the radar data shows relatively small changes in the surface roughness due to wind, and this roughness effect was corrected in the radiometer data (an empirical correction of 300 was used on the radiometer data. This factor was based on area where the wind velocity changed for 0 to 5 m/s.) This data has also been corrected for the changes in the SST assuming a change of 0.2 K per 1 C in SST. There also may be a small correction for wind direction; however, this dependence is not known at this time. The area of surface roughness correction will be a major area of future PALS research.
To show the ability of the PALS system to measure small salinity changes, part of the flight path on July 18 covered the path of the M/V Oleander vessel, which had transited the day before. The M/V Oleander is a container cargo ship, which has a NOAA salinity sensor and measures the salinity on its route between Port Elizabeth, NJ and Hamilton, Bermuda, every week. The radiometer and radar data over the M/V Oleander path is shown in Fig. 8 , along with the salinity data provided by the M/V Oleander. This shows an L-band brightness temperature decrease of 0.2 K. (This value has been corrected by 0.1 K due to the IR temperature increase of 0.5 K.) In this line, the radar backscatter was nearly constant, and thus only small corrections to the radiometer data for surface roughness were required. Over this path, the salinity data measured the day before increased by 0.4 psu, which is consistent with the decrease in the measured brightness temperature.
To show the stability of the system during the ocean measurements, two sets of data taken on July 19, separated by two hours over the same area, were compared. These data showed the average brightness temperatures over this area were within 0.2 K for these two sets of data, which confirms the estimate of system stability. 
V. SUMMARY
A passive/active L/S-band (PALS) microwave aircraft instrument has been built and tested. The purpose of this instrument was to make precision remote sensing measurements for the development of improved algorithms for retrieval of soil moisture and ocean salinity. In July 1999, the instrument was used in Oklahoma in support of the SGP99 experiment. Also in July 1999, the instrument was used off the coast of Virginia and North Carolina to measure the ocean brightness temperatures to develop models for ocean salinity retrievals. The measurements were successful, and the detailed science results will be published shortly. The measurements demonstrated a radiometer with an absolute accuracy 2 K, with a relative stability of 0.2 K over a few hours. The radar also showed an absolute accuracy of 2 dB, and a stability of 0.1 dB over a few hours.
There are two factors on the ocean measurements that deserve comment. One constant problem with the ocean measurements near Norfolk, VA, was the nearly constant RFI at the S-band frequency. The RFI was very broadband and usually contaminated the S-band signal by 0-5 K. This was disappointing; however, on Sunday, July 18, the RFI was noticeably less and many of the S-band measurements were of good quality.
The other aspect of the ocean measurements was the effect of the sun's reflection, or sun glint, into the antenna sidelobes. At L-band the sun is a very strong source with an effective temperature 100 000 K, and this can be a major source of interference for antennas with high sidelobes. The advantage of the PALS conical horn antennas, with their relatively low sidelobes, and observing from the rear of the C-130 aircraft, was that if the reflected sun image was 45 from the antenna beam direction, there was no detectable interference. Most important observations were scheduled near local noontime to reduce the effect of sun glint. However, when the data showed possible sun interference, it was always possible to reverse the flight direction to eliminate the effect. Future measurements will be planned during the night to completely avoid this problem.
It is planned to improve the calibration accuracy and stability of the PALS radiometers, by adding mechanical switches just after the antenna to allow switching in ambient and cooled loads periodically during the flight measurements. This will serve to accurately calibrate the noise diode and any temperature offsets. At the low frequency of L-band, it is not practical to place the large ambient and cold loads in front of the antenna. This approach to make absolute system calibrations, just after the antenna, using calibrated and stable coaxial loads, and then using known water targets to calibrate the antenna losses, will significantly improve the absolute calibration and the day to day stability. Plans for future PALS instrument experiments include additional open ocean measurements of the SSS and support for soil moisture measurement campaigns. He joined the Jet Propulsion Laboratory (JPL), California Institute of Technology, Pasadena, in 1979 and has been involved in various radar remote sensing activities. He has developed a number of system analysis tools for spaceborne synthetic aperture radar (SAR) system design, a digital SAR processor and simulator, investigated techniques for multilook processing and Doppler parameter estimations for spaceborne SARs and evaluated the tradeoffs in SAR image parameters. He also participated in the development of system design concepts and applications for interferometric SAR. He was the Project Engineer for the NASA Scatterometer and was responsible for the technical design of the system. He was the principal investigator for an airborne rain mapping radar and was using data obtained from that system for rain retrieval algorithm development studies in support of the Tropical Rain Measuring Mission. He was also a principal investigator for an experiment utilizing the SIR-C/X-SAR systems to study rainfall effects on ocean roughness and rain retrieval with multiparameter SAR observations from space. He is also leading the development of an airborne cloud profiling radar and the development of an active/passive microwave sensor for ocean salinity and soil mositure sensing. He is currently Manager of the New Millennium Program. 
